If the mass of one of the species of neutrinos is in the range 25 -100 eV, then they can be the dark matter [6] . Further, if the lifetime for the process /_ea.vy "--_I/Light -k (1.2)
is short enough -but longer than the age of the Universe, so most of the heavy neutrinos are still around to be the dark matter -then the photons coming from neutrino decays can fully ionize the intergalactic medium [7] . We shall first consider the distribution function of the photons, f._ (k, t) . 
Here k0 is the energy of the decay-produced photon.
(3.8)
and r, the lifetime of the decaying neutrino, is given by 7-= 16rrnv/lMI 2.
Another important process affecting the photon distribution is photoionization of 
where
Here ai = 6.2 × 10 -is cm 2 is the ionization cross section at threshhold, and we have taken
The recombination cross section is (av)R = 5.2 × 10 -14 cm z The sum of these -after the relevant multiplications and integrations is -
(3.21)
But, by energy conservation, the last line here is We can write the densities in terms of r and ns and then use the fact that nmR 3 is constant to rewrite this as
If tile right hand side of the Boltzmann equation were zero -that is, in the absence of any interactions -and if ÷ were 0 then we find that T_ falls as R -2 , a well-known result. hydrogen atom is added, both an electron and a proton must be subtracted, so the total number of degreesof freedom has dropped by one. This leads to a rise in temperature. give: 
Ho
The first term on the right in Eq. (4.2) is the source term due to decays and the second the source term due to recombination. 
so that in terms of p, Eq. (4.2) becomes dI_(p) dp
To be explicit, the right hand side here means: take S(y, z) and evaluate it with y set equal to e -p and 1 + z set equal to (1 + z¢)e -p. For a given Zc, the solution to this ordinary differential equation is elementary:
f=,(p) = dp'S e ,(1+ zc)e -p'
x exp --, dp"~_ 
where the superscript on f'r refers to the fact that this is the contribution from the first source term. Eq. (4.9) tells us that the photon spectrum at a given energy y and epoch z depends on an integration over the amount of neutral hydrogen at redshifts larger than z. We can use Eq. (4.9) to estimate the photon spectrum today when z = 0. Since 
One simple approximation which is often useful is to neglect completely the effect of ionization on f'r; this corresponds to setting the exponential in Eq. (4.11) to 1 so that The opposite situation occurs when there are many neutral atoms so that a photon produced in a neutrino decay immediately ionizes a neutral atom. This correspondsto a large damping factor in the exponential of Eq. (4.9). In such a situation there is no time for a photon to lose energy via the red-shift before it is absorbedin an ionization process. Therefore, there are almost no photons with energy much less than/¢0. We can take advantageof this fact by expanding the argument of the exponential around y = 1. This leads to _l)(z) The scale which characterizes the ionization rate is fi-raI. In Figure  3 we have plotted In Fig. 4 Any predicted cosmic flux must be lower than this. It is seen that the uppe: limit is far above the predicted levels even in the absence of ionization. Therefore, while data in this regime may ultimately be used to detect the radiation emitted by unstable neutrinos and in particular the characteristic drop in intensity due to ionization by early photons, the present upper limit is several orders of magnitude away from this goal.
The second set of data points in Fig. 4 lie between 6 -10 eV [28] . They purport to be actual measurements of a cosmic background flux with all local contaminants subtracted off. These measurements are much closer to the spectrum produced in the DDM scenario for two reasons: first, the observed magnitude is an order of magnitude or so lower than the upper limit at 3 eV and, second, the predicted flux is larger here, since it grows as k 3/2. Therefore, this regime is most likely to be of use in detecting photons from unstable neutrinos.
The only unfortunate aspect of this is that the sharp drop in intensity due to ionization occurs at lower energies than this most favorable regime.
Since the predicted spectrum is a function of (rn_, r), the observed points can be turned into constraints on the neutrino mass and lifetime.
We will see shortly that this set of constraints complementsthe constraints coming from the Gunn-Petersontest to allow only a small wk--_.:_w in parameter space.
For completenesswe include a plot of electron temperature versusredshift ( Figure 5 ).
It is seenthat the temperature doesnot changevery drastically. In fact the temperature remains low enoughso that collisional ionization can be justifiably neglected. We alsonote that the thermal evolution is insensitive to the initial temperature. Compton s_attering insures that the electron temperature tracks the photon temperature until the decaysset in.
The secondprediction of the DDM scenariois that there is a relic abundanceof neutral hydrogen. When Sciama and others [5] first consideredthe DDM hypothesis in light of
Gunn-Peterson,they required simply that total reionization occur by z = 4.7 since this is the epoch of the earliest test [29] . As discussed earlier, the approximations they made do not allow a precise calculation of the neutral atom abundance for z < zi. By computing r all the way to z = 0, we can simply calculate
where f is the clumping factor defined in Eq. (2.6). This is plotted in Fig. 6 for f = 1.
The impor: :,a,:e of this prediction is that the neutral hydrogen density _,:,L_be probed obser_ationally via the Gunn-Peterson test.
In figure 6 we have also plct_e,'_ d_e upper limits on the neutral hydrogen density coming from three different Gunn-Pe,_e_'_:,, Finally, we are in a position to summarize the constraints on the mass and lifetime of the dark matter particle in the DDM scenario.
In Figure  7 , we have collected the constraints coming from the Gunn-Peterson tests(with f = 1) and from the UV flux data. (i) We have derived an expression,Eq. (4.8), for the photon spectrum due to a general sourcein the presenceof a background of neutral hydrogen atoms.
(ii) A qualitative feature of the photon spectrum in such a situation is a sharp drop in the spectrum today. The first factor in squarebracketsis just ns(z) since the baryon number density scales as [12] C. Hogan, Nature 350, 469 (1991) has proposed a novel mech.anism of structure formation which relies on a radiatively decaying particle.
[13] Kolb and Turner, rtef.
[3], p.14.
[14] The most severe limits are probably those discussed in the following sections coming from consideration of the diffuse photon background. 
